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ABSTRACT 

We report the discovery of T dwarf companions to the nearby stars HN Peg (GOV, 18.4 pc, r ^ 
0.3 Gyr) and HD 3651 (KOV, 11.1 pc, r ~ 7 Gyr). During an ongoing survey of 5' x 5' fields surrounding 
stars in the solar neighborhood with the Infrared Array Camera aboard the Spitzer Space Telescope, 
we identified these companions as candidate T dwarfs based on their mid-infrared colors. Using 
near-infrared spectra obtained with SpeX at the NASA Infrared Telescope Facility, we confirm the 
presence of methane absorption that characterizes T dwarfs and measure spectral types of T2.5±0.5 
and T7.5±0.5 for HN Peg B and HD 3651 B, respectively. By comparing our Spitzer data to images 
from the Two- Micron All-Sky Survey obtained several years earlier, we find that the proper motions of 
HN Peg B and HD 3651 B are consistent with those of the primaries, confirming their companionship. 
HN Peg B and HD 3651 B have angular separations of 43'.'2 and 42'.'9 from their primaries, which 
correspond to projected physical separations of 795 and 476 AU, respectively. A comparison of their 
luminosities to the values predicted by theoretical evolutionary models implies masses of 0.021 ±0.009 
and 0.051 ± 0.014 Mq for HN Peg B and HD 3651 B. In addition, the models imply an effective 
temperature for HN Peg B that is significantly lower than the values derived for other T dwarfs at 
similar spectral types, which is the same behavior reported by Metchev & Hillenbrand for the young 
late-L dwarf HD 203030 B. Thus, the temperature of the L/T transition appears to depend on surface 
gravity. Meanwhile, HD 3651 B is the first substellar companion directly imaged around a star that 
is known to harbor a close-in planet from radial velocity surveys. The discovery of this companion 
supports the notion that the high eccentricities of close-in planets like the one near HD 3651 may be 
the result of perturbations by low-mass companions at wide separations. 

Subject headings: binaries: visual — infrared: stars — stars: evolution — stars: fundamental param- 
eters — stars: low-mass, brown dwarfs 



1. INTRODUCTION 

Direct imaging surveys for resolved substellar compan- 
ions are vital for studies of brown dwarfs and planets. 
These surveys provide measurements of the frequency of 
companions as a function of various physical properties, 
such as primary mass, companion mass, separation, and 
age, which in turn can be used to constrain the mecha- 
nisms by which substellar companions form. In addition, 
compared to their isolated counterparts, each newly un- 
covered companion represents a superior laboratory for 
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studying the atmospheres and evolution of substellar ob- 
jects because the age, distance, and metallicity of the 
primary, and hence the companion, are relatively easy to 
measure. 

A variety of criteria can be adopted for selecting 
primaries to search for companions. Stars for which 
planets have been discovered through radial velocity 
monitoring and young nearby stars are particularly at- 
tractive categories to consider. Several direct imag- 
ing surveys ha ve focused on known extrasolar pla netary 
syste ms (Luh man fc Javawa rdhana 2002; Patience et alJ 
I2OOI PMugrauer et alJ l2005t IChauvin et al.ll2006^1 . pro- 
ducing one compan ion that was initially described 
as a brown dwarf llEls et a l] |2001|) but later shown 
to be a white dwa rf ijMugrauer fc Neuhauseri 120051 
iLagrange et al.l 120061) . Similar observations have been 
performed toward young stars and brown dwarfs within 
100 p c of the Sun (r ~ 10 - 400 Myr, tChauvin et a!] 
20031 fNcuhaus eret al.l l2000al: iMcCarthv fc ZuckermanI 
2004t [L^rance et al. 1 120051), esulting in the discovery 
of several s ubstellar companions that include G196-3 B 
(iRebolo et al. 1998), TWA 5 B (•Lowrance et al.' '19991 
Neuha user et al. 200Gb), HR 7329 B ( Lowrance et aTl 
2000: iGuenther et a l. 2001) , AB Pic B (Chauvinet a!] 
I2005b}) . HD 49197 B (.Metchev fc H illenbrand) .2004jr 
2M 1207-3932 B llChauvin et alJ 120 04. 2 0(0 . and 
HD 203030 B ijMetchev fc Hillenbrandl I2006ir The 
spectral types of these companions range from late M 
through L but do not extend into the cooler T types. 
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The only kn own T dwarf companions to stars consist 



of Gl 229 B llNakaiima et al 
Il995l). Gl 570 D jBurga^er et al 
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e Ind B and 

C ("Scholz ct ai; "2003"; 'McCauehrcan ct al." 2004), and 
SCR 1845 B ( Biller et al, 20 06) Tall of which orbit nearby 
stars that are older than ~ 1 Gyr and have no known 
planets. 

Most resolved substellar companions have been identi- 
fied through deep, high-resolution imaging at small sep- 
arations (p < 10") with adaptive optics or the Hubble 
Space Telescope or through shallow imaging at arbitrar- 
ily large separations with the Two-Micron All-Sky Sur- 
vey (2MASS) or the Sloan Digital Sky Survey (SDSS). 
Because of its wide field of view (p — 2.'5) and unprece- 
dented sensitivity at mid-infrared (IR) wavelengths, the 
Infrared Array Camera (IRAC; Fazio ct al. 2004) aboard 
the Spitzer Space Telescope ((Werner et aLt2004^1 comple- 
ments these previous search methods by providing the 
best available sensitivity to low-mass companions at sep- 
arations of p - 10-100" (r - 100-1000 AU) from nearby 
stars. To take advantage of these capabilities, we have 
obtained IRAC images of nearby young stars and planet- 
bearing stars identified in radial velocity surveys. In this 
paper, we report the discovery of two T dwarf compan- 
ions to stars in these samples, HN Peg {d = 18.4 pc, 
GOV) and HD 3651 {d = 11. 1 pc. KOVl The for- 
mer is a young solar analog ijGaidosI Il998j) while the 
latter has a sub-Saturn planetary companio n at 0.3 AU 
llFisr.her et a].ll2'003l iFisr.her fc Va,leTitill200l. We begin 
by describing the IRAC images that were usedto iden- 
tify the T dwarf companions to these stars (§ I2.1|l and 
foUowup near-IR photometry and spectroscopy I2.2|l . 
We then assess the evid ence of companionship (§ I3.1|l . 
measure spectral types (S I3.2|) . and estimate the physical 
properties of these companions fS 13.3(1 . Finally, we dis- 
cuss these newly discovered T dwarfs in the context of 
previously known brown dwarfs (§0J. 

2. OBSERVATIONS 

2.1. Spitzer Mid-IR Imaging 

As a part of the Guaranteed Time Observations of the 
IRAC instrument team, we obtained images at 3.6, 4.5, 
5.8, and 8.0 /im with IRAC aboard the Spitzer Space 
Telescope of 73 nearby young stars (PID=34) and 48 
known extrasolar planetary systems (PID=48) between 
late 2003 and early 2005. The plate scale and field of 
view of IRAC are 1"2 and 5f2 x 5f2, respectively. The 
camera produc es images with F WHM= 1'.'6-1'.'9 from 
3.6 to 8.0 pm l|Fazio et al.ll2004|) . The observing strat- 
egy and image re duction procedures w ere the same as 
those described bv lPatten et alJ l|2006a|) for IRAC obser- 
vations of M, L, and T dwarfs, except for the following 
modifications (Patten ct al. 2006b). The data were pro- 
cessed using the software suite "IRACproc" developed 
for this program to facilitate the combining of dithered 
or mapped IRAC da. ta and the rejection of cosmic-rays 
(jSchuster et al.ll200 6V In order to obtain the best pos- 
sible photometry of faint sources, we removed the light 
from each primary by fitting a scaled IRAC point spread 
function in each band that was derived from IRAC ob- 



In a paper submitted after this one, IMuerauer et al.l ll2(io3) 
reported an independent discovery of the companion to HD 3651. 



serva tions of Vega, e Eri and e Ind A ((Marengo et alJ 
l2?)06|) . 

We measured photometry and astrometry of all point 
sources appearing in the reduced images of each star. 
We then identified candidate T dwarf companions by 
comparing these dat a to the colors of known T dwarfs 
((Patten et al . 1 120063(1 . which are highly distinctive from 
those of other astronomical sources. We did not search 
for M and L dwarf companions because their IRAC col- 
ors do not differ significantly from those of stars at ear- 
lier types. We also considered only candidates that had 
magnitudes that were consistent with the absolute mag- 
nitudes of known T dwarfs when placed at the distance 
of the primary. These selection criteria were applied with 
a statistical technique based on the k-Nearest Neigh- 
bor (fc-NN, Fix & Hodge 1.95 1). which is a nonparamet- 
ric classifier appropriate when a physical model is not 
available or is not reliable enough for fitting the data. 
We adapted this data mining technique, commonly used 
in pattern recognition and unsupervised machine learn- 
ing, to the case of astronomical photometric data. By 
defining an appropriate metric in the color and magni- 
tude multi-dimensional space, we determined a "score" 
for each object, based on its "distance" from the colors 
and magnitudes of known T dwarfs. A full description 
of our technique is presented in Marengo & Sanchez (in 
preparation). The two candidates with the best scores 
appeared in the images of HN Peg and HD 3651. Their 
positions in the IRAC color-color and color-magnitude 
diagrams are indicated Figs. Q and El and their photomet- 
ric measurements are listed in Tabled No other objects 
had scores that were comparable the ones for these two 
candidates. FoUowup observations of these candidates 
are described in the next section. 

During a survey for debris disks with the Multiband 
Imaging Photometer for Spitzer, Brvden et al. ( 2006) ob- 
tained 24 ^Tci images of HN Peg. These data encompass 
the candidate companion to this star that we have found 
with IRAC. According to analysis that was kindly per- 
formed by G. Bryden, the candidate is not detected in 
those 24 /im data. Extrapolating from the IRAC data 
with a Rayleigh- Jeans distribution, the expected 24 pm 
flux from the candidate is ~ 0.1 mJy while the noise in 
the 24 /im image is about twice this value. These rel- 
atively shallow observations were designed to detect an 
excess above the stellar photosphere of HN Peg rather 
than a faint companion. 

2.2. IRTF Near-IR Imaging and Spectroscopy 

We obtained near-IR spectra of the candidate T dwarf 
companions to HN P eg a nd HD 3651 with the spectrom- 
eter SpeX ((R,avner et al.l l2003tl at the NASA Infrared 
Telescope Facihty (IRTF) on the nights of 2006 June 15 
and 30. The instrument was operated in the prism mode 
with a 0"8 slit, producing a wavelength coverage of 0.8- 
2.5 /im and a resolution of i? ~ 100. For each candidate, 
we obtained 20 exposures distributed between two posi- 
tions along the slit. The individual exposure times were 
1.5 min, resulting in a total exposure time of 30 min for 
each object. The slit was aligned to the parallactic angle 
for all observations. Th e spectra were reduced with the 
Spcxtool package ( Gushing et all2 004^ and corrected for 
telluric absorption ( Vacca et alJ[2003(l . 

We also used the slit-viewing camera on SpeX to mea- 
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sure near-IR photometry for the candidate companions 
on the night of 2006 July 2. The camera contained a 
512 X 512 Alad din 2 InSb array an d had a plate scale 
of 0'.'12 pixel-i ijRavner et al.ll2003j) . Ima gmg was per- 
formed through M auna Kea Observatory (M KO) J , H, 
and j^ T filters (Simons & Tokunaga2002: Tokimaga et al.1 
I200I iTokunaga fc Vaccal 12005(1 . In each filter, we ob- 
tained one 30 s exposure at each of nine dithered posi- 
tions. For the _fC-band imaging of the candidate compan- 
ion to HD 3651, we performed this cycle twice. Images 
for a given candidate and filter were median combined to 
produce a flat field image, which was then divided into 
the original exposures. Point sources in these images 
exhibited FWHM= O'.'S. We extracted photometry for 
each candidate companion with the task PHOT under 
the IRAF package APPHOT using a radius of eight pix- 
els. These data were calibr ated with images of standard 
stars for the MKO system llLeggett et al.li2006j) . The J, 
H, and K measurements for the two candidate compan- 
ions are presented in Tabled 

3. ANALYSIS 
3.1. Evidence of Binarity 

When a candidate companion is identified in direct 
imaging of a star in the solar neighborhood, the stan- 
dard method of definitively assessing its status as a bi- 
nary companion consists of checking whether it shares 
the same proper motion as the primary. To apply this 
method to the two candidate T dwarfs from our IRAC 
images of HN Peg and HD 3651, we needed an image 
of each object obtained at a second epoch. The candi- 
date companion to HN Peg was detected in each of the 
three 2MASS bands and appears in the 2MASS Point 
Source Catalog. The candidate near HD 3651 is not in 
the 2MASS Point Source Catalog, but through visual in- 
spection of the images, we find that it was detected in J 
and H. 

To measure the proper motion of each candidate, we 
identified sources that appear in both the IRAC and 
the 2MASS images and measured their right ascensions 
and declinations in the 4.5 fiia image of IRAC and in 
the 2MASS band in which the candidate companion has 
the highest signal-to-noise ratio {H for HN Peg and 
J for HD 3651). The differences between the IRAC 
and 2MASS coordinates for these objects are plotted in 
Figs. O and 0] The relatively small number of stars in 
each diagram is a reflection of the requirement of a de- 
tection by 2MASS; the numbers of sources detected by 
the IRAC images are much larger. To correct for a small 
offset between the coordinate systems of the IRAC and 
2MASS images, we applied constant shifts to the right 
ascension and declination differences so that their aver- 
age values were zero. In other words, we assume that the 
average proper motion of stars surrounding each star is 
zero. For comparison, we include in Figs. |2| and 01 the 
expected displacements of HN Peg and HD 3651 during 
the time interval between the 2MASS and IRAC obser- 
vations (Ar = 5 .7 and 6.8 years) base d on their known 
proper motions l|Perrvman et al.lll997fl . In each of the 
two diagrams, one source exhibits a motion that is signif- 
icantly non-zero and that is consistent with the expected 
motion of the primary. These two objects are the candi- 
date T dwarfs that we found with IRAC. Thus, these 
data demonstrate that both candidates have common 



proper motions with the primaries, which conclusively 
establishes their companionship. Hereafter in this pa- 
per, we refer to these new companions as HN Peg B and 
HD 3651 Bi2. The positions of HN Peg B and HD 3651 B 
relative to their primaries are listed in Table 2MASS 
and IRAC images of these systems are shown in Figs. El 
andO 

3.2. Spectral Classification 

In § EH we identified HN Peg B and HD 3651 B as 
possible T dwarfs based on their mid-IR colors and mag- 
nitudes. As shown in Figs. O and jSl our near-IR spectra 
of both companions exhibit methane absorption, which 
is the defining spectral feature of T dwarfs (Kirkpatric^ 
12005(1 . To measure the precise spectral type of each 
companion, we visually compared these spectra to the 
SpeX data for T dwarf standards that were presented by 
iBurgasser eraD l|2006b() . In Figure [3 we find that the 
spectrum of HN Peg B agrees well with the average of the 
spectra of SDSS 1254-0122 (T2) and 2MASS 1209-1004 
(T3). The match is clearly worse with cither of these 
standards alone. Therefore, we assign a spectral type of 
T2.5±0.5 to HN Peg B. 

Although the overall spectrum of HN Peg B is fit 
well with standard T dwarfs, the K I absorption lines 
at 1.25 /im appear to be weaker in HN Peg B than 
in the standards. In comparison, these lines become 
weak er with low er gravity for lat e-M and early - L dwarfs 
( McG overn et a l. 2004; Kirkpatr ick et al.l200g) but grow 
stronger with lower gravity at late-T tvpes (jKnapp et all 
^2004). Based on the apparent youth of its primary 
fij I3.3.1|) . HN Peg B should have a lower surface grav- 
ity than the standard T dwarfs in Figure [71 Thus, these 
data for HN Peg B seem to indicate that the gravity de- 
pendence of the K I lines is the same in early T dwarfs as 
it is in M and L dwarfs. However, because the spectral 
resolution of our data is too low for reliable measure- 
ments of these lines, a spectrum at higher resolution is 
needed to explore this issue definitively. 

In Figure |S1 we compare HD 3651 B to 
2MASS 0727-fl710 (T7) and 2MASS 0415-0935 (T8) 
and the average of the two standards. The differences 
between HD 3651 B and each of these three spectra 
are subtle, but close examination of each comparison 
indicates that the average of T7 and T8 provides the 
best match to HD 3651. For instance, the width of the 
continuum at 1.2-1.3 /im, the depth of the absorption at 
1.6-1.8 /um, and the level of the iC-band flux are all best 
fit by the average of T7 and T8. Therefore, we measure 
a spectral type of T7.5±0.5 for HD 3651 B. 

3.3. Physical Properties 

3.3.1. Age and Distance 

Now that HN Peg B and HD 3651 B have been con- 
firmed as companion T dwarfs, we examine their phys- 
ical properties. Because these T dwarfs are compan- 
ions, we can assign to them the ages and distances of 
their primaries, which are bright, well-studied stars in 
the solar neighborhood. As a result, the ages and dis- 
tances of these T dwarfs, and hence the masses, radii. 

The planetary companion to HD 3651 from IFischer et alJ 
120031^ is designated with a lowercase "b" based on the naming 
convention for planets from radial velocity surveys. 
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and temperatures, are better constrained than those of 
isolated T dwarfs. We adopt the Hipparcos trigono- 
metric distances of 18.4 ± 0.3 and 11 .1 ± 0.1 pc for 
HNPeg A and HD 3651 A, respectively ijPerrvman et al.l 
Il997r . HN Peg A appears to be a young solar ana- 
log based on its activity, X -ray emission, rotation, Li 
abundance, and kinematics ijGa idos 199^. A compari- 
son o f the Li measurements for HN Peg A ijChen et al.l 
120011) to Li data for solar-type members of the Pleiades 
and Hyade s open clusters and the Ursa Major moving 
group ffSoderblom et all 119901 Il993a..b.') indicates that 
HN Peg A is probably older than the Pleiades (r = 100- 
125 Myr, IMevnet et a,ljlT99a IStanffer et a].llT99l and 
youn ger than Ursa Major (t = 400-600 Mvr. iKing et al " 



2003 ) and the Hyades (r = 575-675 Mvr. lPerrvman et al 
19981) . A comparison of the rotational properties of 
HN Peg A (P==4-5 d, v sin i^ 10 km s~\ e.g., 
iKonig e t aI.'2 006l:lNordstrom et a l.'2004') and these open 
clusters (R,ad^|^r^~ ^87t iSodcrblo nTet alJ Il993ct 
ISoderblom MavoH 1199 *3) produces the same result. 
The chromospheric ac tivity of HN Peg A s uggests an 
age o f ~ 0.3-0.4 Gyr l)Gaidosi ri998: Rocha- PiiitoeraLl 
l2004() . A debris disk was recently detected around 
HN Peg A at 3 and 70 iiui by the Spitzer Sp ace Telescope 
l|Brvden et alJl2006t iBeichman et al.ll2006|) . which tends 
to further support the youth of this star. Meanwhile, 
HD 3651 is probably older than the Sun considering it s 
fairly long rotationa l period (P=48 d. lNoves et alJll98^ . 
I Wright et al.l l)2004f ) estima ted an age of 5.9 Gyr from its 
chromospheric activity and lValenti fc Fis cher f'2005') re- 
ported an isochronal age of 8.2^5 2 Gyr. Based on these 
age constraints, we adopt ages of 0.3 ± 0.2 and 7 ± 3 Gyr 
for the HN Peg and HD 3651 systems, respectively. 

3.3.2. Luminosity 

To measure the bolometric luminosities of HN Peg B 
and HD 3651 B, we first used the JHK photometry to 
flux cahbrate the 0.8-2.5 /xm spectra. For each object, 
we constructed a spectral energy distribution that con- 
sisted of these calibrated spectra, the IRAC photome- 
try (3.2-9.2 /im), a linear interpolation of the fluxes be- 
tween 2.5 /xm and 3.2 /im, and a Rayleigh-Jeans distri- 
bution longward of 9.2 /xm. By summing the flux in 
each distribution and correcting for distance, we mea- 
sured log L/Lq = -4.77 ± 0.03 and -5.60 ± 0.05 for 
HN Peg B and HD 3651 B, respectively. 

Our luminosity measurement for HN Peg B is greater 
than the value produced by combining its K magnitude 
with the bolometric corrections (QC k) that have been 
previously measured for T2-T3 dwarfs fGolimowsk i et aP 
1^04). For instance, the bolo metric luminosit y for the T2 
dwarf SDSS 1254-0122 from ICushing et all (2006) im- 
plies BCk = 3.04. If we combine this value of BC^ 
with our K measurement for HN Peg B and an abso- 
lute bolometric magnitude for the Sun of Mboi© = 4.75, 
we arrive at log L/Lq = —4.83. To explore the source 
of the difference in these two luminosity estimates, we 
compare in Figure El the near- and mid -IR colors of 
HN Peg B to colors of T dwarfs compiled by Patten et al 



2006a ). The 2MASS measurements from 



Patten et al 



2006a) have been transformed to the MKO system 



Stephens fc Leggettll2004) . In the diagrams of colors 



versus spectral type in Figure El HN Peg B is similar to 
other T dwarfs near its spectral type in terms oi J — H, 



H - K, [3.6] - [4.5], and [4.5] - [5.8], but it is redder 
by - 0.3 and - 0.15 mag in K - [4.5] and [5.8] - [8.0], 
respectively. The latter difference is not significant be- 
cause of the large photometric error in [8.0]. However, 
HN Peg B clearly has redder JHK— IRAC colors relative 
to typical field dwarfs, which explains why the luminos- 
ity derived from K and BCx was lower than the value 
measured from the photometry and spectra. In other 
words, if we reduced the IRAC fluxes of HN Peg B by 
~ 30% so that its JiJi^— IRAC colors were consistent 
with those of other T2-T3 dwarfs like SDSS 1254-0122, 
then our luminosity measurement would agree with the 
one based on K and BCk- 

Our luminosity measurement for HD 3651 B agrees 
well with the value produced by combining its K magni- 
tude with BC^ for T7-T8 dwarfs from Golimows ki et alJ 
(p004). In addition, the near- and mid-IR colors of 
HD 3651 B are consistent with those of the other T 
dwarfs shown in Figure (HI 

3.3.3. Mass, Radius, and Temperature 

We use theoretical evolutionary models to convert 
our luminosity and age estimates for HN Peg B and 
HD 3651 B to masses, effective temperatures, and radii. 
We perform this conversion by plotting these companions 
on diagrams of luminosity versus age and comparing their 
positions to lines of constant mass, temperature, and ra- 
dius that are predicted by evolutionary models. These 
diagr ams are presented in F igs.lTUIandllllwith the mod- 
els of lBurrows et al.l (|1997|) and^raflPc et al. ( 200|), re- 
spectively, which imply nearly identical physical prop- 
erties. The models produce M = 0.021 ± 0.009 Mq, 

R = 0.108;[! !^J6 and T^b = 1130±70 K for HN Peg B 
and M = 0.051 ± 0.014 Mq, R^ 0.082 ± 0.006 Rq, and 
Teff = 810 ± 50 K for HD 3651 B. The spectral types 
and physical properties of HN Peg B and HD 3651 B are 
summarized in Table (51 

4. DISCUSSION 

We have presented the discovery of two T dwarf com- 
panions in the solar neighborhood, HN Peg B (T2.5) and 
HD 3651 B (T7.5). These T dwarfs are the sixth and sev- 
enth known T dwarf companions to stars and are the first 
T dwarfs discovered with the Spitzer Space Telescope. In 
this section, we describe additional notable aspects of 
these new brown dwarfs. 

HN Peg A has been the target of high-pr e cision 
radial velocity monitoring llCunimings et al.l Il999t 
iFischer fc Valentill2005t iKonig et al."2006') and near-IR 
coronographic imaging (McCarthv fc Zuckcrnian 2004), 
but no companions have been found through those ob- 
servations. HN P eg B was bright enough to be d etected 
by the imaging of lMcCarthv fc Zuckermaj] l)2004|) . but it 
was outside of their field of view (r < 15"). This compan- 
ion was also beyond the field of view of unpublished im- 
ages of HN Peg obtained with the Near-Infrared Camera 
and Multi-Object Spectrometer aboard the Hubble Space 
Telescope during General Observer program 10176. Var- 
ious data from the literature indicate that HN Peg A has 
an age of 0.1-0.5 Gyr ( g rnTTl) . If the T dwarf S Ori 70 
(jZapatero Osorio et al. 2002) is a field dwarf rathe r than 
a me mber of the young cluster a Ori (Burgasser et alJ 
l200l . then HN Peg B may be the youngest known T 



T Dwarf Companions 



5 



dwarf. HN Peg B closely resembles the recently discov- 
ered l ate-L companion to HP 203030 in terms of age and 
mass lIMetchev fc Hillenbrandll200l . 

Several properties of HN Peg B do not behave in the 
manner predicted for young, low-gravity T dwarfs. Al- 
though the colors within the JHK bands and within 
the IRAC bands are normal, all colors containing one of 
the former and one of the latter are redder than those 
of typical T dwarfs by ~ 0.3 mag (§ I3.3.2|) . In con- 
trast, low gravity should cause these colors to become 
bl uer, not redd er, according to the theoretical spectra 
of iBurrows ~a l. (2006). Based on its position in color- 
magnitude diagrams, HN Peg B is probably not an equal- 
component binary, but it could be a binary with two 
unequal components'^. Because later T dwarfs emit 
proportionately more flux in the mid-IR bands than at 
shorter wavelengths, an unresolved system of this kind 
(e.g., T1-I-T5) might be responsible for these anomalous 
colors. Another possible explanation is photometric vari- 
ability between the dates of the IRAC and JHK obser- 
vations (jBurgasser et al. 2002; Enoch et al. 2003). 

Our estimates of the stellar parameters of HN Peg B 
also exhibit peculiarities. When we compare the luminos- 
ity and age of HN Peg B to the predictions of theoretical 
evolutionary models, we derive an effective temperature 
of 1130 ± 70 K, which is lower than the values previ- 
ously measured for T d warfs at T2-T3 {T^s ~ 1400 K, 
iGolimowski et al.ll2004|) . In contrast, the spectra l mod- 
eling of late T dwarfs by iBiirgasser et all l|20fl6bfl found 
that temperature should increase rather than decrease 
with lower gravity at a given spectral type. If this pre- 
diction is combined with the models shown in Figs. 1101 
and 111! then a young T dwarf should be much brighter 
than an older one at the same spectral type. Instead, we 
find that HN Peg B is at the faint end of T0-T4 dwarfs 
|]Golimowski et al. 2004) and is at least one magnitude 
fainter in bolometric luminosity than expected for its as- 
sumed age. One possible explanation for these discrepan- 
cies is that the HN Peg system is much o lder th an various 
data fo r the primary seem to indicate fS I3.3.1|l . However, 
iMetche v & Hillenbrand ( 2006) have recently reported 
the same anomalous behavior for a late-L companion 
near another star that appears to be young, HD 203030, 
and it seems unlikely that the age estimates for both stars 
have such large errors. Instead, the presence of this phe- 
nomenon in both HN Peg B and HD 203030 B strongly 
indicates that the temperature of the L/T transition is 
dependent on surface gravity, and in a manner that has 
not been previously predicted. 

When combined with the evolutionary models, the 

One of the T dwarfs that has been unreso lved in previ- 
ous imaging, 2M 0559-1404 iBurgasser et al.l l2003^ . is overlumi- 
nous in Figure]^ which suggests that it could be a binary. This 
brown dwarf was identified as a possible bin ary because of it s 
bright J magnitude relative to late L dwarfs <Dahn et al.ll200^ . 
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luminosity and age of HN Peg B translate to a mass 
0.021 ± 0.009 Mq, making it one of the least massive 
known T dwarfs. In addition, like HD 203030 B (Af = 
0.023 Mq Metchcv & Hillenbrand 2006), HN Peg B is 
among the least massive known brown dwarf compan- 
ions and is a more evolved counterpart to t he widely- 
separ ated companions DH Tau B ( r ^ 1 Mvr.lltoh et alJ 
l2005l) . CHXR 73 B (r ~ 2 Mvr. ILuhman et al.ll20(m 
and AB Pic B (r ~ 30 Mvr. lChauvin et alJ2005br. which 
have masses of 0.01-0.02 Mrv. ijLuhman et al.ll200q) . 

For HD 3651, radial velocity monitori ng has uncov- 
ered a sub-Saturn-mass plane t at 0.3 AU ijFischer et alJ 
l2?)?)3tlFischer fc Valentill2f)05l) while no companion s have 
been identified in adaptive optics images ( Carson' "et alJ 
12005(1 . The latter observations did not detect HD 3651 B 
because th eir field of view was too small (r < 15"). 
iTakeda eFa l. (2006) suggested that the high eccentrici- 
ties of planets in old, single-planet systems like HD 3651 
might be caused by secular perturbations from distant 
low-mass companions, and indeed we have found such a 
companion in the form of HD 3651 B. This T dwarf is the 
first resolved substellar companion that has been discov- 
ered in one of the extrasolar planetary systems identified 
in radial velocity surveys. Like HN Peg B, HD 3651 B is 
probably not an equal-magnitude binary brown dwarf ac- 
cording to its position in the color-magnitude diagram in 
Figure[21 HD 3651 B is a virtual twin to another T dwarf 
companion, Gl 570 D, in terms of spe ctral type, lumi- 
nosity, mass, tempe rature, and radius l)Burgasser et alJ 
l2?ffl0tlGeballe et al.ll200lD . As with Gl 570 D, these mea- 
surements have relatively high accuracy because of the 
companionship of HD 3651 B to a nearby, well-studied 
star, making it a valuable brown dwarf for calibrating 
methods of characterizing the phy sical properties of late 
T dwarfs (|Burgasser et al.ll20064l . 
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but more recent 1-5 ^m measurements indicated that it might 
not be significantly overluminous compa red to other T dwarfs 
IGolimowski et al.ll200l IVrba et ani200l) . 
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TABLE 1 

ASTROMETRY AND PHOTOMETRY FOR COMPANIONS 



Companion 


P 

(arcsec) 


PA 
(deg) 


J(MKO) 


H(MKO) X(MKO) [3.6] [4.5] 


[5.8] 


[8.0] 


HN Peg B 
HD 3651 B 


43.2±0.4 
42.9±0.4 


254.4±0.6 
290.1±0.6 


15.86±0.03 
16.16±0.03 


15.40±0.03 15.12±0.03 13.72±0.04 13.39±0.02 
16.68±0.04 16.87±0.05 15.38±0.04 13.62±0.02 


13.08±0.10 
14.04±0.12 


12.58±0.11 
13.45±0.14 


TABLE 2 
Properties of Companions 


Companion 


distance'^ 
(pc) 


(AU) 


Spectral Age 
Type (Gyr) log L/Lq M/Mq'= 




(K) 


HN Peg B 
HD 3651 B 


18.4±0.3 
ll.litO.l 


795±15 T2.5±0.5 0.3±0.2 -4.77±0.03 0.021±0.009 
476±6 T7.5±0.5 7±3 -5.60±0.05 0.051±0.014 


U.1U»_Q 
0.082±0.006 


1130±70 
810±50 



^Distance of primary iPerryman et al ■■1997D . 

'^Projected physical separation from primary. ^^^^^^^^^^^ ^^^^ ^^^^^^^^^^ ^^^^ 

*^Estimatcd from the age, log L/Lq, and the models of lBurrows et all il997f) and lBaraffe et alj i2003f) in Figs. [THl and [TTl 
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Fig. 1. — IRAC color-color diagrams for cool field dwarfs (open and filled circles. FPatten et al.l2006al) and two candidate companions of 
HN Peg {lower star) and HD 3651 {upper star). The colors of these candidates are indicative of T dwarfs. 
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Fig. 2. — IRAC color-magnitude diagram for cool field dwarfs that have measured distances {open and filled circles and squares, 
IPatten et alj|2'006al) and two candidate companions of HN Peg {left star) and HD 3651 {right star). The absolute magnitudes of the 
candidates have been computed by adopting the distances of the primaries. The magnitudes and colors of these candidate companions are 
indicative of T dwarfs. Unlike known T dwarf binaries I Burgasser et al. 20063, references therein), HN Peg and HD 3651 are near the lower 
envelope of the T dwarf sequence, indicating that they are probably not equal-component binaries. 
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Fig. 3. — Differences in coordinates of sources near HN Peg between an i?-band 2MASS image obtained in 1998 and a 4.5 fim IRAC 
imag e obtained in 2004 (filled circles). The expected proper motion of HN Peg during this time interval is indicated (circle, Pcrrvman ct all 
119971) . Excluding the candidate T dwarf companion from Figs . [Tl and 1^ ( rightmost filled circle), the standard deviations of the offsets are 
(Tra = O'.'IO and crocc = 0'.'20, which represent the errors in these measurements. The candidate T dwarf exhibits a proper motion that is 
non-zero at a level of 8.8 ctha ^^nd 2.2 crocc E'nd is consistent with that of HN Peg at a level of 1.8 cr^fi^ and 1.0 (Tocci demonstrating that 
it is a companion. 
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Fig. 5.— 



2MASS and IRAC images of HN Peg A and B. The size of each image is 2' X 2'. 




Fig. 7.— Ne ar-IR spectrum of HN Peg B (solid line) compared to data for the standard T dwarfs SDSS 1254-0122 (T2) and 2MASS 1209- 
1004 (T3) from lBurgasser et alj 1200611 dotted lines). The average of these standard spectra provides the best match to the spectrum of 
HN Peg B. The spectra have a resolution oi R = 100 and are normalized at 1.27 fim. 
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Fig. 8.— Near-IR spectrum of HD 3651 B (solid line) compared to data for the standard T dwarfs 2MASS 0727+1710 (T7) and 
2MASS 0415-0935 (T8) from Burgasscr ct al. 1 2006b, dotted lines). The average of these standard spectra provides the best match to the 
spectrum of HD 3651 B. The spectra have a resolution of R = 100 and are normalized at 1.27 ^m. 
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Fig. 9. — Infrared colors versus spectral type for previously known T dwarfs (filled circks. [Fatten et al.ll2006al) and the new T dwarf 
companions HN Feg B [left star) and HD 3651 B [right star). 
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Fig. 10. — Luminosities of HN Peg B and HD 3651 B compared to the luminosities as a function of age predicted by the theoretical 
evolutionary models of JBurrows et al. (1997) [lines) for constant values of mass, radius, and temperature {top to bottom). 
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Fig. 11. — Same as Figure IT()I but with the models of lBaraffe et al.l 112003^ 



